Abstract Plasma filling can dramatically improve the performance of high power microwave devices. The characteristics of high-power microwave propagation along plasma filled waveguides in an axial magnetic field are analyzed in this paper, and the ponderomotive force effect of high power microwave is taken into consideration. Theoretical analysis and preliminary numerical calculations are performed. The analyses show that the ponderomotive effect would change the plasma density, distribution of microwave field intensity, and dispersion of wave propagation. The higher the microwave power, the stronger the ponderomotive effect. In different magnetic fields, the ponderomotive effect is different.
Introduction
In the last 30 years there have been great developments in relativistic microwave electronics (RME) [1, 2] and plasma microwave electronics (PME) [3, 4] . Theoretical and experimental research has already shown that plasma filling can dramatically enhance the output power and efficiency of some microwave devices [5∼10] (e.g., the relativistic plasma BWO and plasma Cherenkov radiation devices). With increasing microwave power, the ponderomotive effect has been observed in experiments. The present investigations show that the characteristics of microwave propagation and plasma density distribution are affected by the ponderomotive force [11∼13] . The published studies which consider microwave ponderomotive effect in plasma dealt only with the cases without a guiding magnet [11∼15] . However, in many plasma filled microwave devices, an axial guiding magnet is needed. In this paper, we investigate the characteristics of high-power microwave propagation along plasma filled waveguides in an axial magnetic field. Nonlinear propagation equations, with ponderomotive effect taken into account, are presented, and the microwave propagation and plasma distribution characteristics are analyzed.
Basic equations
Microwave propagation in magnetized plasma is described by Maxwell's equations [3, 16] :
According to the plasma fluid model, the permittivity tensor of magnetized plasmas can be described as follows
where
with
where ω p = (4πn e e 2 /m) 1/2 is the electron plasma frequency, ω c = (|e|B 0 )/m is the electron cyclotron frequency, e is the electric charge of electron, n e is the density of electrons, and ω is the microwave frequency. The ponderomotive force caused by microwaves is given by [16] F
where E is the microwave electric field, designates time averaging and φ p is the ponderomotive potential.
When a high power microwave propagates in a plasma, the electron plasma density is altered by the ponderomotive force. In thermal equilibrium, the electron density n e responding to the wave electric field is [17, 18] n e (E) = n 0 exp
where T e and T i are electron and ion temperatures, and n 0 denotes the plasma density where the E = 0. The experimental results [10, 11] show that n 0 is related to the background gas density and ionization rate, and is affected by the ponderomotive force. Then
is the ponderomotive index, and ω p0 = (4πn 0 e 2 /m) 1/2 is the background electron plasma frequency.
In the cylindrical coordinates, the microwave fields are described by the following equations:
In the plasma filled microwave devices, the main operation modes are symmetric modes, so we discuss the symmetric modes in the cylindrical waveguide, and set ∂/∂ϕ = 0. The microwave pulses in most microwave devices are much longer than the limit of ultrashort electromagnetic wave pulses [19] , so we assume
and ∂Ḣ/∂t kḢ . Then Eq. (1) could be simplified to ϕ-direction nonlinear coupled equations
and Eq. (4) becomes
where ω 2 p0 = 4πn 0 e 2 /m. The first terms on the righthand side of Eqs. (11) and (12) are the nonlinear diffraction index, and the second terms are the coupled index, which represents the coupled interaction between E ϕ and H ϕ . Because ε 1 , ε 2 , ε 3 are related to E ρ , E ϕ , E z , both parts of the microwave electrical fields cannot build up self-consistent coupled equations.
Dispersion analysis
In this section, the dispersion characteristics of microwaves in different axial magnet fields are discussed through Eqs. (11) and (12).
ω c =0
In the case of ω c = 0(B 0 = 0), we have
Eqs. (11) and (12) become
Eqs. (15) and (16) show that, in this case, the coupled terms are equal to 0, and TM and TE modes can propagate in the plasma filled waveguide separately. When TM and TE modes propagate simultaneously, ξ will be affected by all of E ρ , E ϕ , E z , so they will interact with each other by ponderomotive effect. This interaction is caused by ponderomotive force, which affects the plasma density and permittivity tensor, and thus is different from the coupled effect between TM and TE modes.
0< ω c < ω
In the case of 0 < ω c < ω, for low power, exp(−Γ 2 E · E * /2) → 1, we have
where ξ = ω p0 /ω. Eqs. (11) and (12) approximate to
Eqs. (18) and (19) are the same as the coupled equations of waveguides filled with uniform plasma. This demonstrates that in the case of low power the plasma density is changed little, the coupled equations degenerate to the equations without ponderomotive effect, and the dispersion relation is the same as in the waveguide filled with uniform plasma.
In
Eqs. (11) and (12) approximate to
In this case, the coupled terms disappeared, H and E are separated, and Eqs. (21) and (22) are the same as the propagation equations of a vacuum waveguide. This demonstrates that in the case of ultra high power, all the plasma is driven to the low power region, most regions in the waveguide are vacuum, and the dispersion relation is the same as in a vacuum waveguide. Therefore, in the case of 0 < ω c < ω, the dispersion relation for high power microwave propagation in plasma a filled waveguide is between that for a uniform plasma filled waveguide and that for a vacuum waveguide. With increasing microwave power, the dispersion relation changes from that in a uniform plasma filled waveguide to that in a vacuum waveguide. The cutoff frequency of microwave propagation in a vacuum waveguide is lower than that in a uniform plasma filled waveguide, so in this case the cut off frequency is decreased with increasing microwave power.
ω c = ω
In the case of ω c = ω, exp(−Γ 2 E · E * /2) = 0 and (1 − τ 2 ) = 0, we have
In this case, the wave cannot propagate. It also accords with phenomena of electron cyclotron absorption of magnetized plasma, in which the electromagnetic wave is absorbed by magnetized plasma around the electron cyclotron frequency due to the gyration of electrons in the magnetic field [20, 21] .
ω c > ω
In the case of ω c > ω, for low power, exp(−Γ 2 E · E * /2) → 1. In this case, the dispersion relation is the same as in the case of ω c < ω.
In the case of ω c > ω, for ultra high power, exp(−Γ 2 E · E * /2) → +∞, we have
The wave can not propagate in this case. Therefore, in the case of ω c > ω, the dispersion relation for high power microwave propagation in a plasma filled waveguide is between that for a uniform plasma filled waveguide and that for a cutoff waveguide. With increasing microwave power, the dispersion relation changes from that in a uniform plasma filled waveguide to that in cutoff waveguide. When the power is high enough, the wave cannot propagate in the waveguide.
Numerical calculations
In this section, numerical calculations of the propagation characteristics are given. The parameters employed in the calculations are: Plasma density: n 0 = 1 × 10 12 cm
−3
Waveguide radius: r=1.5 cm Plasma temperature: T = T e + T i =1 eV Numerical calculations of the dispersion are shown in Figs. 1 and 2 , in which E max is the peak value of E. The results show that, in the case of ω c < ω, the wavenumber is shifted up with improving E max . When E max varies in the range of 1∼50 statvolt/cm, corresponding to microwave power of about 90 kW∼225 MW, the wavenumber is varied quickly, and at this moment the distribution of plasma density is greatly changed. In the case of ω c > ω, the wavenumber is shifted down with improving E max . When microwave power is high enough, the microwave will be cut off.
Numerical calculations of the microwave electric field and plasma density are shown in Figs. 3∼6. In the case of B 0 = 0, for TE 01 mode, E z = E ρ =0, numerical calculations for TE 01 mode are shown in Fig. 3 . Without considering the ponderomotive effect the electric field distribution is a Bessel distribution. The results denote that, in the case of B 0 = 0, the electric field distribution of TE 01 mode is different from that without considering the ponderomotive effect, as shown in Fig. 3(a) . In the case of B 0 = 0, for TM 01 mode, E ϕ =0, numerical calculations for TM 01 mode are shown in Fig. 4 . The results denote that, in the case of B 0 = 0, the distributions of E ρ , E z are different from that without considering the ponderomotive effect, as shown in Fig. 4(a) .
In the case of finite magnetic field, the TE and TM modes are coupled to form the EH and HE hybrid modes. Numerical calculations for HE 01 mode are shown in Figs. 5 and 6. Figs. 5 and 6 show that, in the case of finite magnetic field, the distributions of E ρ , E ϕ and E z are different from that without considering the ponderomotive effect. Considering the ponderomotive effect, the plasma density is not only affected by microwave electric field, but also affected by axial guiding magnetic field. In the case of ω c ∼ ω, the plasma density is nearly affected by microwave electric field, since the microwave frequency is close to the magnetic plasma cyclotron frequency, electrons are restricted to undergo cyclotron movement by the Lorentz and ponderomotive forces, which is caused by the guiding magnetic field and microwave alternating electromagnetic field. In the case of ω c < ω, the plasma density is lower where the electric field is stronger, and the plasma density is higher where the electric field is weaker. In this case, electrons are pushed to where electric field is weak. In the case of ω c > ω, the plasma density is higher where the electric field is stronger, and the plasma density is weaker where the electric field is weaker. In this case, electrons are pushed to where the electric field is strong. The physical mechanism is that, although the electric field force of microwaves would drive electrons to where electric field is weak, the Lorentz force, which is caused by axial magnetic field, drives electron back to where electric field is strong through electron cyclotron movement. 
Conclusion
This work investigates high power microwave propagation in a magnetized plasma filled waveguide, and the ponderomotive force effect of high power microwaves is taken into consideration. Analyses show that the plasma density distributions will be changed by the ponderomotive effect, the dispersion relations and microwave electric field will also be affected by ponderomotive effect except for ω c = ω. The dispersion characteristics show that, in the case of ω c < ω, with increasing microwave power, the dispersion would change from that in a uniform plasma filled waveguide to that in a vacuum waveguide, and in the case of ω c > ω, with increasing microwave power, the dispersion would change from that in a uniform plasma filled waveguide to that in a cutoff waveguide. These denote that the work conditions and characteristics of the high-power plasma filled microwave devices would be affected by the ponderomotive effect which depends on the guiding magnetic field. Otherwise, the parameters of magnetized plasma are mostly reduced compared with the case of uniform plasma. When the ponderomotive effect is considered, the plasma is not uniform, and so the results in this paper are approximate. Especially, when the microwave power is ultrahigh, many nonlinear microwave-plasma interactions would take place, and the physical process would become very complicated. Despite all that, the results presented in this article are still useful to the design and analyses of high-power plasma filled microwave devices.
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